Lovering AT, Stickland MK, Amann M, O'Brien MJ, Hokanson JS, Eldridge MW. Effect of a patent foramen ovale on pulmonary gas exchange efficiency at rest and during exercise. J Appl Physiol 110: 1354 -1361 , 2011 . First published March 3, 2011 doi:10.1152/japplphysiol.01246.2010.-The prevalence of a patent foramen ovale (PFO) is ϳ30%, and this source of right-to-left shunt could result in greater pulmonary gas exchange impairment at rest and during exercise. The aim of this work was to determine if individuals with an asymptomatic PFO (PFOϩ) have greater pulmonary gas exchange inefficiency at rest and during exercise than subjects without a PFO (PFOϪ). Separated by 1 h of rest, 8 PFOϩ and 8 PFOϪ subjects performed two incremental cycle ergometer exercise tests to voluntary exhaustion while breathing either room air or hypoxic gas [fraction of inspired O2 (FIO 2 ) ϭ 0.12]. Using echocardiography, we detected small, intermittent boluses of saline contrast bubbles entering directly into the left atrium within 3 heart beats at rest and during both exercise conditions in PFOϩ. These findings suggest a qualitatively small intracardiac shunt at rest and during exercise in PFOϩ. The alveolar-to-arterial oxygen difference (AaDO2) was significantly (P Ͻ 0.05) different between PFOϩ and PFOϪ in normoxia (5.9 Ϯ 5.1 vs. 0.5 Ϯ 3.5 mmHg) and hypoxia (10.1 Ϯ 5.9 vs. 4.1 Ϯ 3.1 mmHg) at rest, but not during exercise. However, arterial oxygen saturation was significantly different between PFOϩ and PFOϪ at peak exercise in normoxia (94.3 Ϯ 0.9 vs. 95.8 Ϯ 1.0%) as a result of a significant difference in esophageal temperature (38.4 Ϯ 0.3 vs. 38.0 Ϯ 0.3°C). An asymptomatic PFO contributes to pulmonary gas exchange inefficiency at rest but not during exercise in healthy humans and therefore does not explain intersubject variability in the AaDO2 at maximal exercise. pulmonary gas exchange; intracardiac shunt; exercise-induced arterial hypoxemia; body temperature THE FORAMEN OVALE is interatrial communication that allows for blood flow to bypass the pulmonary circulation during fetal life. Commencement of breathing room air causes a reduction in pulmonary vascular pressure, which reverses the atrial pressure gradients such that the foramen ovale closes in the majority of people. However, the prevalence of a patent foramen ovale (PFO) has been suggested to be as high as 38% in the general population (11, 22, 27, 28, 31, 38) . It has been suggested that shunt through a PFO can be as high as 21% of cardiac output (7), although arterial blood gas data failed to demonstrate a significant effect of shunt in most patients. Nevertheless, if a significant percentage of cardiac output is shunted via a PFO in otherwise healthy humans, this may contribute negatively to pulmonary gas exchange efficiency at rest and possibly exercise. It is well known that pulmonary gas exchange is not perfect in healthy humans at rest and only gets worse with exercise as quantified by the widening of the alveolar-to-arterial oxygen difference (AaDO 2 ) (6). Contributors to the widening of the AaDO 2 during exercise can include ventilation/perfusion (V /Q ) heterogeneity, diffusion limitation, and extrapulmonary shunt, whereas the role of intrapulmonary shunt in healthy humans is still debated (15, 19) . Of note, the exercise-induced widening of the AaDO 2 is highly variable between subjects (6, 14), and an extrapulmonary shunt source, such as a PFO, may explain some of the intersubject variability in AaDO 2 at rest and during exercise in otherwise healthy humans (5). Furthermore, it has been suggested that a PFO "may contribute to exaggerated arterial hypoxemia" in hypoxic conditions because of the increased right heart pressures secondary to hypoxic pulmonary vasoconstriction increasing PFO flow (1). Nevertheless, the role of this intracardiac shunt in determining pulmonary gas exchange efficiency in either exercise or hypoxia in otherwise healthy humans is unknown. Accordingly, the aim of the present study was to evaluate pulmonary gas exchange efficiency at rest and during whole body exercise in normoxia and acute hypoxia in subjects with and without a PFO. We hypothesized that the presence of a PFO would result in greater pulmonary gas exchange inefficiency at rest and during exercise.
THE FORAMEN OVALE is interatrial communication that allows for blood flow to bypass the pulmonary circulation during fetal life. Commencement of breathing room air causes a reduction in pulmonary vascular pressure, which reverses the atrial pressure gradients such that the foramen ovale closes in the majority of people. However, the prevalence of a patent foramen ovale (PFO) has been suggested to be as high as 38% in the general population (11, 22, 27, 28, 31, 38) . It has been suggested that shunt through a PFO can be as high as 21% of cardiac output (7) , although arterial blood gas data failed to demonstrate a significant effect of shunt in most patients. Nevertheless, if a significant percentage of cardiac output is shunted via a PFO in otherwise healthy humans, this may contribute negatively to pulmonary gas exchange efficiency at rest and possibly exercise. It is well known that pulmonary gas exchange is not perfect in healthy humans at rest and only gets worse with exercise as quantified by the widening of the alveolar-to-arterial oxygen difference (AaDO 2 ) (6). Contributors to the widening of the AaDO 2 during exercise can include ventilation/perfusion (V /Q ) heterogeneity, diffusion limitation, and extrapulmonary shunt, whereas the role of intrapulmonary shunt in healthy humans is still debated (15, 19) . Of note, the exercise-induced widening of the AaDO 2 is highly variable between subjects (6, 14) , and an extrapulmonary shunt source, such as a PFO, may explain some of the intersubject variability in AaDO 2 at rest and during exercise in otherwise healthy humans (5) . Furthermore, it has been suggested that a PFO "may contribute to exaggerated arterial hypoxemia" in hypoxic conditions because of the increased right heart pressures secondary to hypoxic pulmonary vasoconstriction increasing PFO flow (1) . Nevertheless, the role of this intracardiac shunt in determining pulmonary gas exchange efficiency in either exercise or hypoxia in otherwise healthy humans is unknown. Accordingly, the aim of the present study was to evaluate pulmonary gas exchange efficiency at rest and during whole body exercise in normoxia and acute hypoxia in subjects with and without a PFO. We hypothesized that the presence of a PFO would result in greater pulmonary gas exchange inefficiency at rest and during exercise.
METHODS
The study received approval from the University of WisconsinMadison Human Subjects Committee, and each subject gave written, informed consent before participation. All studies were performed according to the Declaration of Helsinki.
Subjects. Sixteen (2 female) healthy, nonsmoking subjects aged 19 -49 yr volunteered to participate in the study. A screening cardiopulmonary history and physical examination were performed. All subjects underwent saline-contrast echocardiography with and without performing a Valsalva maneuver. Subjects without the appearance of bubbles in the left heart at rest were classified as PFOϪ; all were male. The subjects who were determined to have a PFO (PFOϩ) were recruited from a pool of subjects who were screened out of our previous studies. These PFOϩ subjects had bubbles appearing in the left heart within three cardiac cycles. Only two male PFOϩ subjects required a Valsalva maneuver to demonstrate atrial level shunting. Two of the PFOϩ subjects were female.
Pulmonary function and lung diffusion capacity for carbon monoxide. Baseline pulmonary function was determined using computerized spirometry (Pulmonizer model PFT 3000, Med Science, St. Louis, MO) according to American Thoracic Society/European Respiratory Society Standards (ATS/ERS) (25) . Single-breath lung diffusion capacity for carbon monoxide (DL CO) was determined according to ATS/ERS standards (23) .
Exercise protocols. For all exercise tests, subjects breathed through a low-resistance two-way nonrebreathing valve (model 2400, Hans Rudolph). Metabolic rate was determined at rest and during exercise using a MedGraphics CPX-D V O2 System (MedGraphics). Heart rate was measured with a three-lead ECG and recorded continuously. Subjects performed two progressive cycle ergometer (Medifit MFE 400L) tests to volitional exhaustion breathing either room air [fraction of inspired O 2 (FIO 2 ) ϭ 0.209] or hypoxic gas mixture (FIO 2 ϭ 0.12) from a Mylar nondiffusing bag. The order of each test was randomized and balanced, and each test was separated by a 1-h rest break. The initial workload was set at 65 W and was increased by 33 W every 2 min. The subjects' maximal oxygen consumption (V O2max) in each condition is reported in Table 1 (12) . During the last minute of each workload, contrast echocardiography was performed as described below.
Saline-contrast echocardiography. Saline-contrast echocardiography was performed as detailed previously (8, 20, 21) . Briefly, a 20-gauge intravenous catheter was placed in the median basilic vein. A three-way stopcock was attached, and two 10-ml syringes were attached to the other two ports. One syringe contained 1 ml of air, and the other contained 3-4 ml of sterile saline. The contrast bubbles were created by flushing the saline-air solution from one syringe to another. A forceful hand injection of the agitated saline-air solution was performed while images were obtained simultaneously in the apical four-chamber view (iE33 echocardiography system, Philips). Without right-to-left shunting, saline-contrast bubbles are visualized as a cloud of echoes in the right heart and then gradually disappear as the bubbles become trapped and eliminated in the pulmonary microcirculation (4, 24) . If the contrast bubbles pass through the lungs instead of a PFO, they will appear in the left heart after a delay of at least three cardiac cycles. The delayed appearance of bubbles in the left heart during exercise indicates transpulmonary passage of contrast bubbles through arteriovenous shunts (3, 10) . In PFOϩ subjects, there was an increase in the number of bubbles appearing in the left heart above the number that appeared at rest. All contrast echocardiograms were performed with the subject seated on the cycle ergometer in the forward leaning "Aerobar" position with the mouthpiece and nose clip in place. Limitations of this technique have been previously reported in detail (8, 20) .
Blood gases, body temperature, and blood lactate. Samples (3-5 ml) of arterial blood (from the radial artery) were drawn anaerobically over 10 -20 s at 1 min into each exercise stage during each trial for measurements of arterial PO 2 (PaO 2 ), arterial PCO2 (PaCO 2 ), and pH with a blood-gas analyzer calibrated with tonometered blood (ABL500, Radiometer). Oxygen saturation and Hb were measured with a CO-oximeter (OSM 3, Radiometer). Blood gases were corrected for esophageal temperature (Mona-a-therm general purpose probe, 9 Fr). Respiratory quotient was calculated at the time of blood draw for determination of the AaDO 2. The alveolar O2 partial pressure (PAO 2 ) was estimated by using the ideal gas equation below (see also
where TB is body temperature, for temperature correction of water vapor pressure, and RER is respiratory exchange ratio. Barometric pressure (P b) was measured daily using a 230 -7420 series Nova mercury barometer. Blood lactate concentration was analyzed using an electrochemical analyzer (Yellow Springs Instrument, model 1500 Sport).
Data analysis. The number of subjects required to see a significant difference in the AaDO 2 between the two subject populations was proactively calculated using previously published AaDO2 values [data from a subject pool of people who were not screened for PFO (36) and from a subject pool with only non-PFO subjects (20)]. Thus we used the mean AaDO 2 values from previous studies, and alpha value of 5% (P Ͻ 0.05) and a power of 0.8 to calculate the required number of subjects. Retrospective calculations revealed ␤ values of 0.015 at rest and 0.16 at maximal exercise.
Data are presented as means Ϯ SD. Comparisons between the cardiorespiratory data of PFOϩ and PFOϪ subjects within a specific oxygen condition (either normoxia or hypoxia) were done using unpaired t-tests. The echocardiograms were digitally recorded at Ն30 frames/s by the same echo technician and analyzed offline frame-byframe (Camtronics Medical System, Hartland, WI). Two cardiologists who were blinded to the condition read all echocardiograms independently. There was 100% agreement for the onset of shunting between the two readers. Shunt onset was defined as the appearance of individual bubbles (Ͼ3 bubbles in the left heart after at least 3 cardiac cycles). Significance was set to P Ͻ 0.05.
RESULTS
Lung function and maximal oxygen uptake. Anthropometric, pulmonary function, DL CO , and V O 2max data for the PFOϪ and PFOϩ subjects were within normal limits and are presented in Table 1 . There were no significant differences between the two groups except sex.
PFOϪ subjects vs. PFOϩ subjects. In the PFOϩ subjects, atrial-level intracardiac shunting as detected by saline-contrast echocardiography appeared as intermittent boluses of bubbles in the left atrium in Ͻ3 heart beats ( Fig. 1 ). Intrapulmonary shunting of saline contrast bubbles occurred in both PFOϪ and PFOϩ subjects during exercise. One female subject was excluded from participating from the hypoxic exercise because she developed premature ventricular contractions during normoxic exercise.
Cardiorespiratory variables for PFOϪ and PFOϩ in normoxia and hypoxia at rest and during submaximal workloads only are listed in Tables 2 and 3 , respectively. Comparisons Values are means Ϯ SD. PFOϪ, subjects without patent foramen ovale; PFOϩ, subjects with patent foramen ovale; M, male; F, female; FVC, forced vital capacity; FEV1, forced expiratory volume in 1 s; FEF25-75, forced expiratory flow of midexpiratory volume; DLCO, diffusion capacity for carbon monoxide; V O2max, relative maximal oxygen uptake. There were no significant differences between the two groups.
between PFOϪ and PFOϩ subjects at rest and at maximal exercise are presented in Figs. 2 and 3 .
At rest in normoxia and hypoxia, pulmonary gas exchange efficiency as quanitified by the AaDO 2 was significantly different between PFOϩ and PFOϪ (Tables 2 and 3 , and Fig. 2 ). The amount of saline contrast detected at rest in PFOϩ and PFOϪ subjects was assigned a resting bubble score. The resting bubble score and corresponding AaDO 2 for each subject is presented in Fig. 2 demonstrating no relationship between resting bubble score and AaDO 2 either at rest or during maximal exercise.
Contrary to the resting data, AaDO 2 was not significantly different between PFOϩ and PFOϪ at any submaximal workload or at peak exercise for a given FI O 2 (Tables 2 and 3 and Figs. 2 and 3A) . However, at maximal exercise in normoxia, arterial oxygen saturation (SaO 2 ) in PFOϩ subjects was significantly lower than in PFOϪ subjects (Fig. 3B ). This desaturation was likely caused by the significantly higher esophageal temperature in PFOϩ subjects (Fig. 3C) , although P 50 at maximal exercise did not reach statistical significance (P ϭ 0.07) (Fig. 3D ). There were no significant differences between PFOϪ and PFOϩ subjects at maximal exercise with respect to pH, Pa O 2 , aADO 2 , Pa CO 2 , or PA O 2 , for a given FI O 2 . Maximally achieved workload in PFOϩ and PFOϪ subjects was not significantly different at 304 Ϯ 74 and 300 Ϯ 27 W, respectively.
DISCUSSION
We sought to determine the effect of a PFO on pulmonary gas exchange efficiency as determined by the AaDO 2 in otherwise healthy human subjects. On the one hand, we found that AaDO 2 was only greater at rest in PFOϩ subjects in normoxia and hypoxia. On the other hand, AaDO 2 was similar between groups at all exercise intensities regardless of FI O 2 . However, despite similar Pa O 2 values, PFOϩ subjects had a significant reduction in arterial oxygen saturation at peak exercise. PFOϩ subjects also had higher body temperature at maximal exercise in normoxia, which likely caused a temperature-induced shift in the oxygen hemoglobin dissociation curve and explains the lower arterial oxygen saturation.
Methodological considerations. Our method of detecting PFO utilized saline-contrast echocardiography with and without a Valsalva maneuver. This method relies on timing of the appearance of bubbles on the left side of the heart. The rapid appearance (Ͻ3 cardiac cycles) of bubbles in the left heart indicates intra-atrial passage of contrast bubbles through a PFO. Although this method for detection of a PFO at rest is not without limitations, it is considered the gold standard (39) . Of note, we made our blood gas measurements without subjects performing Valsalva maneuvers.
We have previously detailed, extensively, the limitations of saline-contrast echocardiography used to detect intrapulmonary arteriovenous shunting during exercise and refer the reader to those papers for more detailed technical considerations (8, 20) . Briefly, the delayed appearance (Ͼ3 cardiac cycles) of bubbles in the left heart indicates transpulmonary passage of contrast bubbles through intrapulmonary arteriovenous shunts (3, 10, 13, 17, 32) . However, contrast echocardiography as a technique to detect exercise-induced intrapulmonary shunts depends on the viability and size of the salinecontrast bubbles in the blood. Accordingly, very small bubbles (ϳ8 m in diameter) that are small enough to travel through pulmonary capillaries could theoretically result in false positives (i.e., shunt). However, the hemodynamic changes associated with exercise, namely increased pressures (28) and flow velocities (43, 44), severely limit the viability of these small bubbles such that false positives are highly unlikely. In addition, Elliott et al. (9) have demonstrated that the FI O 2 does not alter the viability of saline-contrast bubbles at rest or during exercise. Thus it is unlikely that the detection of intrapulmonary shunt would be affected in our subjects breathing hypoxic gas mixtures.
Intracardiac shunt, intrapulmonary shunt and pulmonary gas exchange. Right-to-left shunt is a source of venous admixture that will reduce the efficiency of pulmonary gas exchange (30) . Intracardiac shunting via a PFO has the potential to act as an anatomic right-to-left shunt. As such, several authors have suggested that shunting through a PFO may exacerbate arterial hypoxemia during exercise in healthy human subjects (5) and during pathological conditions with elevated pulmonary artery pressure such as high-altitude pulmonary edema (1, 18) and pulmonary hypertension (34) . Some studies support this idea. For example, arterial hypoxemia at rest is greater in severe chronic obstructive pulmonary disease (COPD) patients with a PFO compared with patients with severe COPD without a PFO (33) . In contrast, other studies demonstrate that arterial blood Values are means Ϯ SD. V E, minute ventilation; HR, heart rate; V O2, oxygen consumption; V CO2, carbon dioxide production; RER, respiratory exchange ratio; SaO2, arterial oxygen saturation; PaO gas measurements failed to detect PFO in 31/40 stroke patients, suggesting that PFO contributes little to either AaDO 2 or arterial hypoxemia at rest (7). The reasons for this discrepancy are not clear, but specific disease pathology and variable amounts of intracardiac shunting may play a role.
The present study demonstrates that a PFO in otherwise healthy young subjects contributes to pulmonary gas exchange inefficiency only at rest. At rest, the intracardiac shunt across the PFO appeared as small, intermittent boluses. As such, this intermittent atrial-level right-to-left shunting was sufficient to reduce pulmonary gas exchange efficiency at rest in normoxia and hypoxia, and we calculated an AaDO 2 that was 5.4 mmHg greater in PFOϩ subjects. At rest under normoxic conditions, using the values in Table 2 , this difference in AaDO 2 would correspond to a total shunt fraction of ϳ1.8% of cardiac output in PFOϩ subjects and would include all sources of shunt (i.e., bronchial and thebesian drainage as well as intracardiac shunt). On average this would have been ϳ90 ml/min in PFOϩ subjects assuming a mixed venous PO 2 ϭ 40 mmHg and no V /Q mismatch or diffusion limitation. In contrast, using data from Table 2 we calculated a total shunt fraction Ͻ0.3% at rest in normoxia in PFOϪ subjects, which likely only represents post-pulmonary shunt (i.e., bronchial and thebesian drainage). Based on the above calculations, with a total shunt flow of Fig. 2 . Alveolar-to-arterial oxygen difference (AaDO2) and resting saline-contrast bubble score at rest (A) and during maximal exercise (B) in normoxia. Bubble score was assigned at rest only, and all PFOϪ subjects had bubble scores of 0. Filled circles are subjects without PFO (PFOϪ) and open circles are PFOϩ subjects; n ϭ 8 for both groups. Note that 2 PFOϩ subjects had resting bubbles scores ϭ 2, and these subjects had AaDO2 at rest and at maximal exercise that were similar to both PFOϩ subjects with lower scores and PFOϪ subjects who did not have atrial level shunting (resting bubble score ϭ 0).
1.8% in PFOϩ subjects, ϳ75 ml/min (or 1.5% of cardiac output) would be flowing through the PFO and 15 ml/min (or 0.3% of cardiac output) coming from post-pulmonary shunts. Thus, at rest the total shunt in PFOϩ subjects is fivefold greater than that in PFOϪ subjects. In contrast to resting conditions, during exercise, PFOϩ subjects did not demonstrate greater pulmonary gas exchange inefficiency than PFOϪ subjects in either normoxia or hypoxia. The reasons the AaDO 2 was wider at rest but not during exercise in either oxygen condition in PFOϩ subjects is not known, but there are some plausible explanations. First, the shunt through the PFO could have remained constant throughout exercise (ϳ75 ml/min) such that the relative contribution of the intracardiac shunt decreased as cardiac output increased. For example, at a resting cardiac output of 5 l/min, 75 ml of blood represents a 1.5% intracardiac shunt whereas at maximal exercise with a cardiac output of 25 l/min, 75 ml of blood would represent a 0.3% intracardiac shunt. This small amount of intracardiac shunt would not likely have a detectable effect on pulmonary gas exchange efficiency. Second, it is conceivable that intracardiac shunting via the PFO was mitigated by increases in left atrial pressure and the reductions in pulmonary vascular resistance that would be expected to occur during exercise (29) . In this case, the shunt through the PFO would have decreased and not made a significant contribution to pulmonary gas exchange efficiency. Of note, the above possibilities are assuming that post-pulmonary shunt, V /Q mismatch, and diffusion limitation were approximately similar between our PFOϩ and PFOϪ subjects; however, we did not directly measure either V /Q mismatch or diffusion limitation in the present study. Last, although our conclusions are supported by our physiological data, additional work using an anatomicbased approach to quantify the intracardiac shunt fraction independent of the intrapulmonary shunt fraction would further strengthen our conclusions.
Although there was a statistically significant difference in AaDO 2 at rest between the two subject populations, all of the AaDO 2 values were within what is considered to be the normal range (6) . However, we would like to point out that the "normal range" listed by Dempsey and Wagner comes from studies of people who were not screened for PFO. Thus the current "normal range" presumably includes people with and without a PFO. Accordingly, when we separated the two groups (PFOϩ and PFOϪ), we were able to measure a significant difference between the groups, despite that all of the values were within the "normal range". Therefore, the variability in the range of AaDO 2 s that comprise the current "normal range" may be partially explained by the inclusion of people with PFOs. Alternatively, normal range values for the AaDO 2 at rest may need to be adjusted to either include or exclude subjects with PFO.
At maximal exercise in normoxia, PFOϩ subjects as a group developed mild arterial hypoxemia [SaO 2 Ͻ95% (6)] despite having similar AaDO 2 , Pa O 2 , and maximal workload. The calculated P 50 at maximal exercise was increased in PFOϩ, but this increase did not reach statistical significance (P ϭ 0.07). However, the significant difference in saturation was likely the result of elevated esophageal temperature in PFOϩ subjects (16) and a corresponding rightward shift in the oxygen hemoglobin dissociation curve. Using the Kelman equation (16) to predict arterial oxygen saturation based on our mean values for Pa O 2 , Pa CO 2 , pH, and temperature, mean SaO 2 for PFOϩ was Fig. 3 . AaDO2 at rest and during maximal exercise in normoxia in PFOϪ and PFOϩ subjects (A), arterial oxygen saturation (SaO2) at rest and during maximal exercise in normoxia in PFOϪ and PFOϩ subjects (B), esophageal temperature at rest and during maximal exercise in normoxia in PFOϪ and PFOϩ subjects (C), and P50 at maximal exercise in normoxia in PFOϪ and PFOϩ subjects (D). AaDO2 was significantly different between PFOϩ and PFOϪ at rest in normoxia but not at maximal exercise. Saturation was significantly different at maximal exercise, likely as a result of a significantly increased esophageal temperature in PFOϩ subjects, despite the fact the P50 was not significantly different (P ϭ 0.07); n ϭ 8 for each group. The lines connect data from rest to maximal exercise. Filled circles are PFOϪ and open circles are PFOϩ.
94.9% compared with a measured SaO 2 of 94.3%. Likewise, for PFOϪ SaO 2 was calculated to be 96.4% compared with a measured SaO 2 of 95.8%. Thus these calculations support that the reduction in SaO 2 in our PFOϩ subjects was secondary to an increased body temperature. This is the first report demonstrating a significant difference in body temperature in PFOϩ subjects, but the reason for the elevated temperature in this group of subjects is unknown. A rightward shift in the oxygenhemoglobin dissociation curve has been shown to exist and to be beneficial in animals with intracardiac shunts (37) , and children with congenital cyanotic heart disease have rightshifted oxygen-hemoglobin dissociation curves (26, 35) at rest. However, although a significant increase in body temperature can explain the differences in arterial oxygen saturation at maximal exercise in our eight PFOϩ subjects, the overall significance of this temperature difference is unclear.
Summary. Pulmonary gas exchange efficiency as quantified by the AaDO 2 was significantly greater in PFOϩ subjects at rest in normoxia and hypoxia, but not at maximal exercise in either oxygen condition. PFO level shunting at rest was minimal [ϳ1.5% (ϳ75 ml/min) of resting cardiac output] and appeared as intermittent boluses at rest and during exercise. During maximal exercise in normoxia and hypoxia, the presence of a PFO did not significantly affect pulmonary gas exchange efficiency. Although the presence of a PFO may help to explain some of the variability in the AaDO 2 at rest, the presence of a PFO does not explain the variability in AaDO 2 during exercise in otherwise healthy humans and suggests that other factors such as V /Q mismatch, diffusion limitation, intrapulmonary shunt, and extrapulmonary shunt (e.g., thebesian and bronchial drainages) likely explain the variability in AaDO 2 . Interestingly and despite having similar pulmonary gas exchange efficiency to PFOϪ subjects, PFOϩ subjects did develop arterial hypoxemia at maximal exercise in normoxia due to a temperature-induced right-shifted oxygen-hemoglobin dissociation curve.
